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Low-temperature transport properties of a lateral quantum dot formed by overlaying finger gates in
a clean one-dimensional channel are investigated. Continuous and periodic oscillations superimposed
upon ballistic conductance steps are observed, when the conductance G of the dot changes within
a wide range 0 < G < 6e2/h. Calculations of the electrostatics confirm that the measured periodic
conductance oscillations correspond to successive change of the total charge of the dot by e. By
modelling the transport it is shown that the progression of the Coulomb oscillations into the region
G > 2e2/h may be due to suppression of inter-1D-subband scattering. Fully transmitted subbands
contribute to coherent background of conductance, while sequential tunneling via weakly transmitted
subbands leads to Coulomb charging of the dot.
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I. INTRODUCTION
Charge quantization plays a central role in electron
transport through lateral quantum dots weakly coupled
to leads. It had been commonly believed, argued by jus-
tification of validity of Coulomb blockade theory1 and
various experimental results,2–10 that Coulomb block-
ade oscillations of the conductance weaken and gradu-
ally vanish as the transparency of the barriers increases
up to conductance quantum 2e2/h. However, the pos-
sibility of Coulomb charging in open quantum dots is
now intensively investigated both theoretically11–14 and
experimentally.15–17 In strong magnetic fields continuous
Coulomb oscillations superimposed upon large-period os-
cillations have been detected with the conductance G
ranging up to G = 3e2/h.15 Only recently experimen-
tal evidence of single-electron charging of an open quan-
tum dot has been obtained in zero magnetic field.16,17
In Ref. 16 the observation of pairs of resonant peaks
in each transition region between the quantized conduc-
tance plateaus have been reported for the conductance
of 1D channel changing up to G = 7(2e2/h). In this case
the potential of an impurity formed a small quantum dot
in the channel, and the resonant peaks were ascribed to
Coulomb charging of the dot. Detailed studies of this ef-
fect were, however, not possible because the transparency
of the barriers could not be precisely controlled.
Recently novel type quantum dots with overlaying fin-
ger gates were fabricated.17 Surprisingly, continuous and
periodic oscillations superimposed upon ballistic conduc-
tance steps were observed when the conductance through
the dot changed within a wide range 0 < G < 6e2/h. A
smooth transition of the oscillations from G > 2e2/h to
G < 2e2/h with decreasing barrier transparency leads
to the conclusion that the oscillations are due to single-
electron charging of the quantum dot.17 However, none
of the existent theories can explain the manifestation of
single-electron oscillations over such a wide range of the
conductance.
In this paper we analyze the results of conductance
measurements of this novel type of quantum dot at zero
magnetic field17 and discuss some new observations. Ad-
ditionally, we report realistic modelling of the electro-
statics and electron transport in the quantum dot. By
calculating the capacitances of the quantum dot with re-
spect to the gates we confirm the single-electron origin
of the weak conductance oscillations. Results from the
modelling of the electron transport show that mixing of
the 1D-subbands is almost absent and that the large-scale
resonant features in the background conductance are due
to Fabry-Pe´rot interference. Thus in these devices single-
electron charging and coherent electron transmission at
G > 2e2/h coexist.
In the present experiment the quantum dot was de-
fined by two side gates, which deplete electrons within
the channel, and three narrow overlaying finger gates.
Outermost finger gates introduce the entrance and exit
barriers to the dot, and the central finger gate stabilizes
the depth of the potential inside the dot. The impu-
rity scattering in the device, fabricated on an ultra-high-
1
quality high electron mobility transistor (HEMT), is neg-
ligible. Our calculations demonstrate the unique versatil-
ity of this dot geometry with adjustable voltages on the
side gates and three finger gates. We show that in some
voltage regimes the electrostatic potential in the plane
of the two-dimensional electron gas (2DEG) is separable
as U(x, y) = U1(x) + U2(y) and thus the device exhibits
simple one-dimensional behaviour.
In more standard quantum dots where the constric-
tions are defined by two pairs of split gates, Coulomb
oscillations in zero magnetic field are only observable at
G < 2e2/h. In order to determine the difference be-
tween this new, versatile device and the more standard
quantum dot we compare the calculated electrostatics
and transport in the two different types. Our results
show that inter-1D subband scattering is suppressed in
the new type of open quantum dot, owing to the spe-
cial design, whereas in the more standard quantum dots
the intersubband mixing is considerably enhanced once
the transmission via the first subband is opened. We ar-
gue that quasi-1D transport through the quantum dot
and high sensitivity of the barrier transparency in the
constrictions to the variations of the Fermi level in the
dot makes it possible to observe the effects of Coulomb
charging at G > 2e2/h.
The paper is organized as follows. In Sec. II the quan-
tum dot device and conductance measurements are de-
scribed. The behaviour of large scale features and fre-
quent oscillations of the conductance with gate voltages
and temperature are analyzed in details. Numerical re-
sults are reported in Sec. III. First we discuss the elec-
trostatics of the device and determine the capacitance
of the dot with respect to the contacts, and finger and
split gates. Then the calculated two-dimensional poten-
tial profile was used for modelling multiple mode electron
transmission through the quantum dot. In Sec. IV we
give qualitative account for the observed single-electron
conductance oscillations.
II. EXPERIMENT
A. Structure characterization
and main effect
The two-layered Schottky gate pattern shown in Fig. 1
was defined by electron beam lithography on the sur-
face of a high-mobility GaAs/Al0.33Ga0.67As heterostruc-
ture T258, 157 nm above a 2DEG. There is a 30-nm-
thick layer of polymethylmethacrylate (PMMA) which
has been highly dosed by an electron beam, to act as a
dielectric21 between the split gate (SG) and three gate
fingers (F1, F2, and F3) so that all gates can be inde-
pendently controlled.
After brief illumination by a red light emitting diode,
the carrier concentration of the 2DEG was 1.6×1015 m−2
with a mobility of 250 m2/V s. The corresponding trans-
port mean free path is 16.5 µm, much longer than the ef-
fective 1D channel length. Experiments were performed
in a dilution refrigerator at T = 50 mK and the two-
terminal conductance G = dI/dV was measured us-
ing an ac excitation voltage of 10 µV with standard
phase-sensitive techniques. In all cases, a zero-split-gate-
voltage series resistance (≈ 900 Ω) is subtracted. Two
samples, at five different cooldowns, show similar char-
acteristics, and measurements taken from one of these
are presented in this paper. Trace 1 in Fig. 2 shows the
conductance measurements G(VSG) as a function of split-
gate voltage VSG when all finger gate voltages VF1, VF2,
and VF3 are zero.
Conductance plateaus at multiples of 2e2/h are pro-
nounced (with no resonant feature superimposed on top)
as expected for a clean 1D channel. When the channel is
defined at VSG = −1.132 V, six quantized conductance
steps are observed when each one of the finger gates is
swept while the others are grounded to the 2DEG as
shown in traces 2–4 (Fig. 2). These experimental results
demonstrate that a clean 1D channel is obtained in which
impurity scattering is negligible. A lateral quantum dot
was defined by applying voltages on SG, F1, and F3,
while keeping F2 grounded to the 2DEG. Resonant fea-
tures are observed only when large negative voltages are
applied to both F1 and F3.
With some depletion voltage VF1 ≈ VF3 ≈ −2 V at low-
temperature, almost periodic and continuous oscillations
of conductance G(VSG) over a wide range 0 < G < 6e
2/h
are observed. Typical traces of the conductance G and
the distance between adjacent peaks (“period”) δVSG as
functions of gate voltage VSG are shown in Fig. 3. The pe-
riod and shape of the oscillations remain approximately
the same within the wide range where VSG is varied,
though the background conductance changes consider-
ably. While the oscillations at G < 2e2/h can be as-
cribed to Coulomb charging effects, the oscillations for
G > 2e2/h are unexpected.
The observed oscillations are essentially different from
the single-electron effects in older type lateral quantum
dots8–10 in which single electron tunneling peaks increase
in height and decrease in width as the conductance de-
creases, and the period of the oscillations is well defined.
The latter behaviour corresponds to the orthodox theory
of Coulomb blockade.1 In contrast to the majority of the
other papers where low-temperature single-electron ef-
fects have been studied,4,23,24 the trace in Fig. 3 has nei-
ther equally spaced narrow peaks nor regions of strongly
suppressed conductance (Coulomb blockade) inbetween
the peaks. Instead, all the oscillations in Fig. 3 are
smoothed, have small amplitude ∼ 0.2e2/h, are approxi-
mately the same width, and the peak spacing fluctuates
by several tens of percent.
Figure 4 shows that similar oscillations are observed
when the central finger gate voltage VF2 is varied, with
the side gate voltage fixed. At the top of Fig. 4 the
conductance G is shown along with its running aver-
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age 〈G〉RA (the background). The oscillations without
the background, G − 〈G〉RA, are shown at the bottom
and their Fourier spectrum is given in the inset. No-
ticeably, in the region VF2 < −0.6 V, where G < e
2/h,
the peaks should be strictly equidistant according to
Coulomb blockade theory, additional beats are evident.
The observed oscillations overlay the wide maxima or
steps of the conductance which appear periodically with
the central finger gate voltage VF2 varied at fixed VSG
(Fig. 4) and are most likely associated with electron wave
interference on the system of two barriers in the constric-
tions. With changing the depth of the potential well in
the quantum dot the resonances move through the Fermi
level one by one. Previous studies23 have reported the
observation of Coulomb oscillations superimposed on al-
most periodic conductance peaks at G < e2/h and were
interpreted as Fabry-Pe´rot resonances due to coherent
electron tunneling through the quantum dot. In our case
the frequent small-amplitude oscillations penetrate to the
region G > 2e2/h, where the transport is traditionally
considered coherent and Coulomb charging effects are not
usually observed.
Generally for G > 2e2/h, it is expected that the pres-
ence of a fully transmitted 1D channel might cause mode
mixing between 1D channels in the quantum dot which
should smear out charging effects. However, due to the
special design and high quality of this device it is likely
that there is little 1D mode mixing in the chosen range of
gate voltages such that the level broadening for Coulomb
oscillations is similar for both cases when G < 2e2/h and
G > 2e2/h.
B. Temperature evolution
Figure 5 shows how the features in the background (a)
and the oscillations (b) of the conductance of the quan-
tum dot develop with decreasing temperature from 1 K to
50 mK. Consider the behaviour of the background first
[see Fig. 5(a)]. At 1 K there is no conductance quan-
tization. Only the wide shoulder at VSG < −0.65 V
marks out the tunneling regime of the first subband
G < e2/h. Around T = 0.2K two plateaus at 0.8(2e2/h)
and 1.8(2e2/h) appear. With lowering the tempera-
ture down to 50 mK resonant features develop: plateaus
transform to peaks and shoulders emerge at 0.7(2e2/h)
and 1.2(2e2/h). Thus, in contrast to the well-quantized
ballistic conductance plateaus shown in Fig. 2, applying
voltages to F1 and F3 results in conductance steps that
are not as flat or well quantized.
In figure 5(b), at 1 K only a group of ∼ 10 weak con-
ductance oscillations within the range −0.7 V < VSG <
−0.65 V are discernible. These oscillations are located
at the bottom slope of the first subband 〈G〉(VSG) and
relate to the tunneling regime G < e2/h, so they can be
ascribed, by analogy with Coulomb blockade peaks,8–10
to Coulomb charging effects. For T = 0.5–0.4 K a
group of ∼ 6 oscillations appear in the range −0.65 V <
VSG < −0.625 V which ascend up to G ≈ 2e
2/h. Then
at T = 0.26–0.2 K oscillations at higher conductance
2e2/h < G < 4e2/h show up for −0.625 V < VSG <
−0.53 V. And finally, at T = 0.15–0.11 K oscillations be-
come visible when the conductance is between the second
and third quantum 4e2/h < G < 6e2/h. This division
into groups of oscillations is traced down to T = 0.05 K.
Within the groups, additional modulation of the ampli-
tude of oscillations is pronounced and correlates with the
resonant features of the background conductance 〈G〉RA.
Thus, each group can be characterized by the temper-
ature at which its oscillations become visible. The fact
that the frequent oscillations appear at T = 1–0.5 K
before the wider resonant features do at T < 0.2 K pre-
cludes their unified interpetation by transmission reso-
nances at coincidences of quasidiscrete levels of the dot
with Fermi level. Indeed, the energy scale, i. e. critical
kBT of the frequent oscillations exceeds that of the wider
features, while the resonances at the single-particle lev-
els would have smaller energy spacing than the width of
Fabry-Pe´rot resonances.
The level spacing estimated from Aharonov-Bohm os-
cillations following the method described in Ref. 25 gives
∆E ∼ 12 µeV,17 comparable to the thermal smearing
at 150 mK. On the other hand, estimating the charging
energy from the critical temperature T ∼ 1 K at which
the oscillations are still observed results in e2/2CΣ ∼
0.2 meV. Thus the observed oscillations are not due to
resonances on single-particle levels of the dot and can be
described in terms of the Coulomb charging picture where
the 0D quantum confinement energy is much smaller than
the Coulomb charging energy.
The most likely explanation for the frequent oscilla-
tions showing up in the region G > 2e2/h with lower-
ing temperature is the decrease of the decay probabil-
ity of the localized states in the dot via fully transmit-
ted 1D-subbands. Increasing the temperature enhances
the mixing between transmitted and closed 1D-subbands
such that oscillations suppressed at G > 4e2/h (two 1D-
subbands are fully transmitted), thereafter become sup-
pressed at G > 2e2/h (1D-subband), and eventually at
G < e2/h, where only tunneling decay of the localized
states is possible.
C. Gate voltage dependences of oscillations
Figure 6 demonstrates how the background conduc-
tance 〈G〉RA(VSG) (a) and the oscillations less the back-
ground (b) change with incremental voltage steps on the
outermost finger gates VF1,3 at T = 50 mK. One can see
that the oscillations of G(VSG) gradually evolve with sim-
ilar shape and periodicity from the region G > 2e2/h to
the region G < 2e2/h, indicating their common phys-
ical origin. Since for G < 2e2/h Coulomb blockade
theory holds and the oscillations are due to Coulomb
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charging, the observed evolution of the oscillations to
G > 2e2/h serves as an experimental confirmation of the
single-electron nature of all the oscillations.
From the observed Aharonov-Bohm type oscillations17
the dot area was determined to be A = 2.81× 10−13 m2
and the number of electrons was n = 126 for VSG =
−0.5 V, VF1 = −1.941 V, and VF3 = −1.776 V. Pro-
vided that every conductance oscillation corresponds to
a change of the dot charge by e, one can determine
(from the total number of oscillations ∆n ≈ 50) that
there are still ≈ 70 electrons within the dot at pinch-off
VSG = −0.65 V.
Note that the modulation of the oscillation amplitude
in Fig. 6(b) allows us to trace the movement of the oscilla-
tions for different
(
VSG, VF = (VF1+VF3)/2
)
along almost
parallel lines which corresponds to the conservation of the
dot charge Q = ne. Two such lines are shown dashed in
Fig. 6(b); where both horizontal and vertical separation
between them obeys the same condition δQ = e. Wide
stripes of amplitude modulation markedly divide the os-
cillations into groups in agreement with Fig. 5(b), and
their slope reproduces that of the conductance threshold.
Also, the groups of oscillations correlate with the loca-
tions of the resonant features of the background 〈G〉RA
in Fig. 6(a).
The background conductance 〈G〉RA(VSG) [see Fig.
6(a)] contains both steps and bumps which move with
the conductance threshold as the finger gate voltage
raises the barriers in the constrictions; these features are
smeared out and completely disappear with decreasing
transparency of the barriers. There are several reasons
for such behaviour. Firstly, the tops of the barriers in
the constrictions approach the Fermi level with a large
negative voltage on the finger gates. Any small, but in-
evitable, asymmetry between the two constrictions on
the transport properties will be enhanced, causing the
height of the steps and resonant peaks of the conductance
to reduce. Secondly, smearing of the features that oc-
curs at lower negative voltages VSG, when VF1,3 increases,
is favoured by a widening of the constrictions over this
voltage range thereby reducing the intersubband spacing
there. And lastly, any decrease of the transparency of
the barriers increases the electron dwell time in the dot
and the role of decoherence, such that the constrictions
start acting independently. The quantised coductance
steps for a single constrictions smear out in this volt-
age regime as shown by both measurements [see Ref. 26,
Fig. 2(a)] and modelling.
The condition δQ = e can be used to find the ca-
pacitances between the dot and the gates of the sample.
For this purpose the periods of conductance oscillations
versus gate voltages were measured, ∆VF1 = 23.8 mV,
∆VF2 = 8.7 mV, ∆VF3 = 25.9 mV, and ∆VSG = 3.6 mV.
According to this the total gate-dot capacitance Cg is
estimated to be 7.6× 10−17 F.
III. NUMERICAL RESULTS
A. Electrostatics
In order to check the correspondence between the ob-
served period of oscillations and the change of the dot
charge by one electron, and to obtain an estimate of
the charging energy, we calculated the capacitance of
the dot with respect to the contacts, fingers, and split
gates. The electrostatic potential profile in the device
was determined by solution of the 3D Poisson equation
with a local 2DEG density given by the 2D Thomas-
Fermi approximation assuming a boundary condition of
frozen charge at the surface states and impurities. It was
checked that fluctuation potential in this structure due to
ionised dopants is absent due to the wide AlGaAs spacer
(100 nm).
The conformity of this fairly simple model to the ex-
periment was checked by calculation of the pinch-off
voltages. The calculated Fermi level EF = 5 meV in
the 2DEG reservoirs corresponds to the measured car-
rier density n = 1.6 × 10−11 cm−2. In the calculations
the same voltage VF was applied to the outermost finger
gates, and the central finger gate was set at zero voltage.
At VF = 0 the channel pinches off when VSG = −1.8 V
(the same as in the experiment). When VSG = −0.7 V
the finger gates raise the potential barriers in the con-
strictions above the Fermi level at VF = −1.4 V (experi-
mentally the split-gate pinches off at VSG = −0.7 V when
VF1 = −1.9 V and VF3 = −1.7 V). We ascribe this small
difference between the calculated (VF) and experimental
(VF1, VF3) values to the fact that we do not take into ac-
count the capacitances of the finger gates with respect to
the shield of the structure (we also neglect electric field
lines going above the PMMA layer).
We calculated the potential profile, charge distribution
and the total charge of the dot, as well as the capacitances
in the range VSG = −0.75 to −0.5 V and VF = −1.3 to
−1.4 V which closely agrees with the range of experi-
mental gate voltages specified for the traces in Figs. 3–5.
These results are shown in Figure 7 which shows maps
of the charge density in the quantum dot for closed and
open states. With lowering VSG the dot stretches along
y axis and becomes rectangular.
Transverse cross sections of the electrostatic potential
in the 2DEG are shown in Fig. 8(a,b) for two different
x coordinates along the channel: in the center of the
dot at x = 0, and directly beneath the finger gates at
x = 270 nm. By changing the voltage VSG the dot trans-
forms from a closed state (a) to an open state (b), with
a corresponding change in the width of both the dot and
the constriction. The voltage on the finger gates control
both the height of the barriers and the width of the con-
strictions (Fig. 9) with little change in the depth of the
dot. At large finger gate voltages VF = −1.3 to −1.4 V
and low side-gate voltages VSG ≈ −0.5 V the transverse
potential profile of the constriction resembles a rectan-
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gular well (Fig. 9). With the central finger gate kept
at zero voltage, the width and depth of the quantum
dot were found to depend on VSG only. It is interesting
to note that the presence of zero-biased F2 makes the
dot 0.5 meV deeper in energy and stabilizes its depth at
∼ 3 meV [see Fig. 8(a,b)]. On the other hand, if the volt-
age on the outermost finger gates is fixed and the central
finger gate voltage is varied, it mainly changes the depth
of the potential in the quantum dot (Fig. 10).
The calculations show that the number of electrons in
the dot changes from 80 to 140 as the side gate volt-
age changes from VSG = −0.7 V to −0.5 V (with fixed
VF1 = VF3 = −1.3 V). This change in the number of
electrons corresponds to the number of oscillations ob-
served in Fig. 3. Calculated capacitances of the dot to
the gates are also close to the experimentally estimated
ones and lay within the measured period variation (Ta-
ble I). In calculations the capacitances demonstrated the
same systematic drift with VSG and VF as observed in
Fig. 3(b). Thus, the conclusion that each oscillation of
the conductance reflects the change of the dot charge by
one electron is confirmed.
By introducing a small Fermi level difference between
the dot and the 2DEG reservoirs, we calculated the ca-
pacitance of the dot with respect to both contacts as
Cr = 340–370 aF for an almost closed quantum dot.
The capacitance is doubled when three 1D-subbands be-
come transmitted. Thus, this capacitance is almost an
order of magnitude higher than that to the gates and
cannot be neglected, so the charging energy is e2/2C =
0.1–0.2 meV, where C = Cr+e/∆VSG+e/∆VF+e/∆VF2,
comparable to the thermal broadening at T ≈ 1–2 K. As
Fig. 5 shows, near the pinch-off the conductance oscil-
lations persist up to 1 K, in accordance with the con-
ventional theory of Coulomb blockade. The decrease of
the charging energy to 0.1 meV at G ∼ 6e2/h, as found
in the calculations of the electrostatics, should lower the
limiting temperature for observing the oscillations in this
range to ∼ 0.5 K. Figure 5 shows that in reality the mea-
sured temperature is still 3 times smaller. This strong
reduction could be caused by an enhanced decay of the
localized states via two fully transmitted subbands and
an increase in the intersubband mixing.
B. Comparing quantum dots of different types
To understand the difference between the dot under
study [Fig. 11(a)] and a more standard quantum dot
(where the constrictions are induced by two pairs of
split gates and Coulomb oscillations are observed only at
G < e2/h) calculations of the electrostatics were also car-
ried out for the case in which the outermost 160 nm wide
finger gates were separated by a 260 nm gap [Fig. 11(b)].
We will denote those devices as A and B, respectively.
Except for the finger gates, all the parameters of devices
A and B are the same. Calculated capacitances of the
quantum dot in closed and open states for cases A and
B are similar. The essential differences between the elec-
trostatic potentials in the plane of the 2DEG only ap-
pear in the constrictions. In device B, the barriers in the
constrictions x = xc are lower, and the transverse cross
section of potential there resembles a deep and narrow
parabola U(xc, y) = Uc + mω
2
cy
2/2 with energy quan-
tum ~ωc = 0.6–0.8 meV [Fig. 11(d)]. The quantum in
the centre of the channel xd = 0 (the quantum dot)
is 2–3 times smaller: ~ωd = 0.2–0.3 meV. In device A
the transverse potential in the constriction resembles a
cut parabola [Fig. 11(c)], so the lowest 1D subbands are
denser near the bottom, like that in a rectangular po-
tential well. When the quantum dot is open for trans-
mission via the first subband, the 1D subband spacing
in device A is almost equal both inside the dot and con-
strictions: En+1 − En = 0.2–0.3 meV.
The energy levels of transverse quantization En(x)
were determined from a solution of the Schro¨dinger equa-
tion for the calculated electrostatic potential U(x, y) by
a tight-binding method. To impose zero boundary con-
ditions for transverse motion, infinite walls were put at
600 nm from the axis of the channel. The picture of 1D-
subbands shows how the subband spacing changes along
the channel axis and how many subbands are open for
transmission through the quantum dot at a given Fermi
level.
Figures 11(e,f) show the positions of three lowest 1D-
subbands En(x) for devices A and B. The Fermi level
is shown by a dotted line and corresponds to zero en-
ergy. In case A, the subband spacing is almost inde-
pendent of x. This means that the transverse cross sec-
tions of potential in the dot and in the constrictions
have the shape of the same parabola, in other words
U(x, y) = U(x) + mω2cy
2/2. Then the variables x and
y in the Schro¨dinger equation are separated, and the
motion along x and y directions is described by sepa-
rate equations, with no mixing between different 1D sub-
bands. Thus the transmission problem reduces to one-
dimensional one.
Contrarily, in device B, where there is a gap between
the finger gates, 1D subbands are not parallel and the in-
tersubband spacing changes by 2–3 times along the chan-
nel [Fig. 11(f)]. Thus the potential has such a shape that
the variables in the Schro¨dinger equation cannot be sepa-
rated, the mixing between 1D-subbands is strong and the
motion is essentially two-dimensional. Electron transmis-
sion can only be considered one-dimensional when the
first subband is opening and the transmission coefficient
T < 1.
These assumptions about one-dimensional transmis-
sion in device A and two-dimensional transmission in
device B are supported by numerical calculations of
multiple-mode transmission, as described in the next sub-
section.
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C. Electron transmission through quantum dots
Two-dimensional transmission was calculated on the
same grid in variables (x, y) as the Poisson equation was
solved for U(x, y). Along the channel axis x, energy levels
En in each transverse cross section and transfer matrix el-
ements between adjacent cross sections were determined
and then the multiple-mode transmission problem was
solved by means of scattering S-matrices. The conduc-
tance relates to the total transmission coefficient accord-
ing to the Landauer formula:
G =
2e2
h
T, T =
∑
n
Tn, Tn =
∑
k
|Tnk|
2.
The transmission was calculated for quantum dots and
single constrictions (half the quantum dot). In Fig. 12(a)
plots of the Fermi energy dependence of the total trans-
mission coefficient and its modal contributions are shown
for device A (VSG = −0.49 V, VF = −1.4 V). The dashed
lines show the transmission through single constrictions.
When the first mode is 50% transmitted, the second
mode has already reached 30% and so on. For small val-
ues of the transverse quantum ~ω = E2−E1 = 0.2 meV,
conductance quantization is smeared out on a single con-
striction, though it can occur for resonant transmission
through two barriers in series.
Transmissions in the quantum dot are shown by the
solid lines in Fig. 12. For device A the transmission
curves for the first to third subbands resemble each other
but with an offset in energy by the transverse quantum.
Similar behaviour is observed in the split gate voltage
dependence of the transmission in Fig. 13 which models
the experimental situation shown in Fig. 3.
It is important that only a few resonant features are
present in Tn(E) and Tn(VSG) — those are Fabry-Pe´rot
resonances in the system of two barriers. The narrowest
ones of the resonances are marked with triangles and refer
to the tunneling regime of the corresponding subbands;
they are smeared out in measurements and not visible
in Fig. 3 since in this regime the transport is sequential
rather than coherent. Contrarily, the wide resonances re-
fer to above-barrier coherent transmission (marked with
asterisks) and give rise to every next step of conductance
quantization in Figs. 3–5. It seems that the conductance
steps in Fig. 3 are not the property of a single barrier,
but the property of the pair of barriers [see Figs. 13 and
12(a)]. The difference in the height of the barriers of
0.1–0.2 meV (weak asymmetry of the structure) causes
no subband mixing but reduces the conductance steps
and shifts the resonances (e. g. dotted curve in Fig. 12).
This asymmetry can explain the observed transformation
of background conductance 〈G〉RA(VSG) in Fig. 6(a).
The total transmission coefficient and modal distribu-
tion for device B are shown in Fig. 12(b) (VSG = −0.5 V,
VF = −1.6 V). Dotted curves show transmission with
pronounced steps for a single constriction. Because of
the large subband spacing the tunneling in closed sub-
bands is negligible. In transmission through the dot,
however, the transport may go via the higher subbands
due to mixing with lower open subbands. For instance,
nonzero transmission via the third subband occurs due
to coupling to the first subband even if the second sub-
band is not yet transmitted. When 2e2/h < G < 6e2/h,
the transport involves more than five modes and higher
modes contribute much more to the conductance than
those in device A. The intersubband mixing shows up in
the T (EF ) dependence as sharp Fano resonances due to
electron scattering from the levels of the dot [Fig. 12(b)].
The dependence T (VSG) is similar to T (EF ): transmis-
sion is one-dimensional at T < 1 and already multimodal
at T > 1. It should be noted that while 1D-subbands in
device A become absolutely transparent (Tn = 1) with
increasing energy or VSG, the transparency of open sub-
bands in device B changes resonantly from 0 to 80–90%
due to intersubband mixing. This can explain why charg-
ing effects are smeared out at T > 1 in more standard
quantum dots.
Figure 14 shows the modelled dependence of the con-
ductance on the central finger gate voltage G(VF2). The
corresponding deformation of the potential in the dot and
constrictions was shown in Fig. 10. The depth of the
potential in the dot decreases, and the resonances due
to 1D interference on the two barriers cross the Fermi
level one by one. The calculated coherent transmission
is shown in Fig. 14 by the solid curve from which the
dashed curve without sharp peaks is obtained by smooth-
ing. Five wide Fabry-Pe´rot resonances are clearly seen
in the figure which are also present on the experimental
curves (the background in Fig. 4).
The fact that the number of frequent oscillations in
experimental curves (Figs. 3, 4) differs drastically from
the number of resonant features in the calculated trans-
mission coefficients (Figs. 13, 14) demonstrates that the
observed frequent oscillations are not due to interfer-
ence effects of coherent electron transmission through
quasi-discrete states of the quantum dot. In the co-
herent regime an electron does not scatter on most lev-
els in the absence of mode mixing. The suppression of
mode mixing is a consequence of the geometry of the
dot and the corresponding selected range of voltages at
finger and side gates. Large negative voltage at overlay-
ing finger gates flattens the potential across the channel
so that the separation between the lowest 1D-subbands
in the constrictions becomes as small as that in the dot
[Fig. 11(e)]. Calculation of the transmission coefficients
show that mode mixing is strengthened when the con-
ductance rises to G ≈ 6e2/h. This explains why the am-
plitude of the measured conductance oscillations and the
temperature at which the oscillations vanish are reduced
in this voltage range.
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IV. QUALITATIVE EXPLANATION OF
OSCILLATIONS
Based on the modelling of the electrostatics and co-
herent transmission we suggest the following scenario of
Coulomb charging in an open quantum dot. There are
three important features that the new type of dot pos-
sesses: 1) coupling between localized and transmitted
subbands is suppressed; 2) coherent transmission and se-
quential tunneling coexist; 3) the charging energy and
1D-subband spacing in the constrictions are commensu-
rate.
We presume that in the absence of intersubband mix-
ing the transport in the low-transparency subbands is due
to sequential tunneling with single-electron charging of
the dot, resulting in the conductance oscillations (Figs. 3–
6). The open subbands transmit the electrons coherently
and provide a parallel background current with Fabry-
Pe´rot resonances and quantization steps in the conduc-
tance. With each new step the single-electron charging
in the opening subband ceases but it still takes place in
a higher (low-transparency) subband, since the intersub-
band transition probability in the dot is very small at low
temperature. Apparently, when the transmissions via
different 1D-subbands are independent, Coulomb charg-
ing effects are manifested in a similar manner for each
opening subband. That the experimentally observed con-
ductance oscillations are continuous is due to the small
spacing of transverse quantization levels in the constric-
tions, leading to stronger tunneling via closed subbands
compared to more standard quantum dot devices.
The fact that the spacing of 1D-subbands ~ω in the
constrictions is approximately equal to the charging en-
ergy e2/2C = 0.1–0.2 meV can account for the unifor-
mity and smoothness of the observed oscillations. Indeed,
electron localization and tunneling makes the charge on
the dot follow the quantization, i. e. the dependence of
the dot charge on gate voltage departs from linearity
proportionality towards the step function [Fig. 15(a)].
From electrostatics it follows that the deviation of the
dot charge Q from the value CgVg produces a voltage
difference Vb between the dot and reservoirs. Precise
charge quantization, if it were in the Coulomb block-
ade regime, would lead to sawtooth modulation of Vb
between Vb = −e/2C and Vb = e/2C as the value CgVg
changes by e [Fig. 15(b)]. However, because of the condi-
tion e2/2C ≈ ~ω the transparency of the barriers in the
constrictions varies strongly with changing Vb and thus
causes a periodic change of that part q of the dot charge
which is associated with the population of the delocalized
states. As a result of continuous change of q (|q| < e/2)
the steps and sawteeth of the gate voltage dependences
Q(Vg) and Vb(Vg) are smoothed. Nevertheless, if the de-
cay rate from the localized states to the transmitted ones
is low these features survive even if the transport is co-
herent and fully transmitted subbands are present. One
may imagine that charge q plays the same role as the
polarization charge of the Coulomb island plays in the
conventional theory of Coulomb blockade. In this theory,
when parameter q is kept constant, the charge becomes
strictly quantized at zero temperature. However, tempo-
ral fluctuations of q widen the sharp features in Q(Vg)
and Vb(Vg). In our case the situation is similar.
We have numerically found that the transparency of
the quantum dot changes by 0.3(e2/h) when Vb is var-
ied by only 0.1e/C (the bottom of the dot is raised by
0.1e2/C). Thus, the periodic change of the embedded
voltage Vb with gate voltage results in single electron con-
ductance oscillations in the coherent current [Fig. 15(c)].
Because the charging energy and the subband spac-
ing in constrictions are approximately equal it follows
that there is no principal difference between regimes
G > 2e2/h and G < 2e2/h. In reality, besides coher-
ent transmission there is sequential tunneling that leads
to spontaneous switching between adjacent charge states
of the dot. Thus for G < 2e2/h significant time is spent
in a charge state with highly transparent potential bar-
riers and similarly, for 2e2/h < G < 4e2/h the dot often
happens to be in a charge state with a low transparency
of the barriers. Consequently the observed charge oscil-
lations of the conductance appear uniformly smoothed.
In addition, the amplitude and the period of such oscil-
lations fluctuate because of the variations of the steps
shape in Q(Vg).
On the other hand, if there is strong intersubband mix-
ing in the quantum dot, then the dot charge Q undergoes
large fluctuations due to coupling to the reservoirs via
transmitted subbands. Then quantization of Q in the
open quantum dot is destroyed, and the charge effects
in G(Vg) are smeared out. Nevertheless, in submicrome-
ter quantum dots the transverse quantum in constrictions
~ω ∼ 1 meV is usually noticeably greater than the charg-
ing energy and pronounced Coulomb oscillations can be
observed near and below the conductance treshold where
the saw-like dependence of Vb(Vg) is retained.
V. CONCLUSIONS
We have investigated the low-temperature properties
of an open quantum dot electrostatically defined by a
split gate, and overlaying narrow finger gates at zero
magnetic field. Almost periodic and continuous oscil-
lations superimposed upon ballistic conductance steps
and Fabry-Pe´rot resonances are observed even when the
conductance through the quantum dot is greater than
2e2/h. A direct transition of conductance oscillations for
G > 2e2/h to those for G < 2e2/h is observed with de-
creasing barrier transparencies. The temperature depen-
dence of the observed oscillating features for G > 2e2/h
and modelling of electron transport excludes the inter-
pretation that they are due to tunneling through single-
particle confinement energy states within the dot. Calcu-
lated capacitances of the dot to the gates and reservoirs
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confirm the Coulomb charging nature of the oscillations.
Modelling the electrostatics and electron transmission
through the quantum dot show that intersubband mixing
in our device is greatly reduced in comparison with more
standard quantum dots. We have found that in this new
design of quantum dot device the charging energy is ap-
proximately equal to the subband spacing in the barriers.
Suppression of intersubband mixing and high sensitivity
of barrier transparency to variations of the Fermi level
in the dot made it possible to observe smoothed charged
and interference effects over a wide conductance range
0 < G < 6e2/h. These results suggest that at zero mag-
netic field charging effects can occur in the presence of a
fully transmitted 1D channel, in contrast to the current
experimental and theoretical understanding of Coulomb
charging.
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period of oscillations calculated measured
mV mV
∆VSG 2.8–4.5 3.6± 1
∆VF 6.6–11.5
∆VF1 23.8
∆VF3 25.9
∆VF2 6.6–9 8.7
TABLE I. Calculated and measured gate voltage periods
of single-electron oscillations. In the calculations VF1 and VF3
were changed simultaneously, VF1 = VF3 = VF, while experi-
mentally the two finger gates were controlled independently.
Thus, ∆VF should be compared with
1/2 ·
1/2(∆VF1 +∆VF3).
FIG. 1. A scanning electron micrograph of a typical device.
The brightest regions correspond to finger gates with joining
pads, labeled as F1, F2, and F3 lying above the split gate (la-
beled as SG), with an insulating layer of cross-linked PMMA
inbetween.
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FIG. 5. Evolution of conductance G(VSG) with tempera-
ture T . (a) Running averages (backgrounds) and (b) oscil-
lations of the conductance for VF1 = −1.941 V, VF2 = 0 V,
and VF3 = −1.776 V at T = 1, 0.5, 0.45, 0.41, 0.35, 0.3, 0.26,
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bottom. Curves are successively displaced for clarity.
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FIG. 7. 3D-plots and contour maps of charge density in the
quantum dot. (a) closed dot, VSG = −0.75 V, VF = −1.3 V,
and (b) open dot, VSG = −0.5 V, VF = −1.3 V.
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FIG. 8. Transverse cross sections of the electrostatic poten-
tial in the dot (at x = 0) and in the constrictions (x = 270 nm)
for (a) closed state (VSG = −0.75 V, VF = −1.3 V) and
(b) open state (VSG = −0.5 V, VF = −1.3 V). The central
finger is earthed. Fermi level is marked by the dotted line.
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FIG. 9. Transverse cross sections of electrostatic potential
in the dot and in the constrictions for two cases, defined by
gate voltages VSG = −0.5 V, VF2 = 0, VF = −1.3 V, solid
lines; and VF = −1.4 V, dashed lines.
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VSG = −0.49 V, VF= − 1.37 V) with variation of VF2 from
−0.8 V to zero with 0.2 V steps. (a) Transverse cross sections
of electrostatic potential in the dot (dashed lines) and in the
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FIG. 11. Comparison of potential profiles for two devices,
(a,c,e) — quantum dot with overlaying finger gates, type A;
(b,d,f) — quantum dot with broken finger gates, type B.
(c,d) transverse cross section in the dot (x = 0, solid lines) and
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tudinal potential U(x, y = 0) shown by a thick solid line and
three lowest 1D-subbands En(x).
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FIG. 12. Total transmission coefficient and contributions of
1–5 1D-subbands for devices of types A and B, in columns (a)
and (b) respectively. Dashed lines show corresponding trans-
mission coefficients for a single constriction. The tunneling
resonances are marked with triangles and the above-barrier
resonances are by asterisks. The dotted line shows transmis-
sion coefficient for device A with the heights of the barriers
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FIG. 13. Calculated conductance and contributions of the
lowest 1D-subbands as a function of side-gate voltage. The
voltages on finger gates are VF = −1.3 V and VF2 = 0. Dashed
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FIG. 14. Calculated conductance of the dot as a function of
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of smoothing.
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FIG. 15. Qualitative illustration of the origin of charge
oscillations of the conductance. (a) Dependence of the dot
charge on the gate voltage. Dotted line shows zero-tempera-
ture limit of Coulomb blockade theory, solid line shows only
traces of charge quantization at high transparency of the bar-
riers. (b) Potential difference Vb between the dot and reser-
voirs vs. CgVg: the sawtooth line corresponds to Coulomb
blockade theory, the smoothed curve reflects open regime
of the dot. (c) The modulation of the dot conductance at
〈G〉 > 2e2/h that corresponds to residual charge quantization
and small variations of Vb.
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